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Experimental Section
: Log j vs overpotential curves of CFCO and reference catalysts. Characterization. Phase purity of the catalysts was checked by means of X-ray powder diffraction (XRD; Rigaku, Ultima IV) using Cu Kα radiation. The grain morphology of each catalyst was observed using a scanning electron microscope (SEM; JEOL JSM-6500F) operated at 10 kV. In order to estimate the surface areas of the catalysts, nitrogen gas adsorption/desorption isotherms (Bel Japan, Belsorp-max instrument) were measured at 77 K. The X-ray absorption near edge structure (XANES) measurements were performed at the beamline BL28XU of SPring-8 (Hyogo, Japan). S1 The synchrotron radiation X-ray from the storage ring was monochromated with a Si 111 double-crystal monochromator. The XANES spectra were measured in the transmission mode using two ionization chambers. Data reduction was carried out with the Demeter software package. S2 The electrical conductivity was measured for the Ca 2 Electrochemical measurements for OER activity. Working electrodes for the OER measurements were prepared as follows. 50 mg of the catalyst, 10 mg of acetylene black (AB) treated by nitric acid, and 60 mg of 5 wt% Na + -exchanged Nafion solution were dispersed ultrasonically in 5 mL of ethanol to obtain a homogenous black suspension.
The AB additive was obtained by immersing a commercial AB powder into concentrated nitric acid at 80 °C overnight, then filtering and drying at 100 °C overnight.
The Na + -exchanged Nafion solution was obtained by mixing a 5 wt% Nafion solution (Wako Pure Chemical) with an appropriate amount of 0.1 mol dm -3 NaOH ethanol solution. Then, 20 μL of the suspension was pipetted onto the surface of a 5-mm-diameter glassy carbon (GC) electrode with a rotation rate of 500 rpm.
The electrochemical measurements were carried out utilizing a potentiostat (Hokuto Denko, HZ-7000) combined with a rotating disk electrode (RDE; Pine Instrument Co., AFMSRCE). A platinum sheet and an Hg/HgO/KOH electrode were used as a counter and a reference electrode, respectively; the working electrode was GC-RDE loaded with 1.0 mg cm -2 of the catalyst at a rotation rate of 1600 rpm. All the measurements were conducted at room temperature (~25 °C) in a 4 mol dm -3 KOH aqueous solution (pH 14)
saturated with oxygen (99.5%). It should be emphasized that the usage of concentrated alkaline solutions is mandatory for constructing practical metal-air secondary batteries to enhance the ionic conductivity of the electrolyte and to suppress corrosions of the negative electrodes. Such OER data with high KOH concentrations are thus informative to evaluate the performance in practical metal-air secondary batteries. The potential U
S4
was converted from the Hg/HgO reference scale to the RHE using the following equation.
U vs RHE = U vs Hg/HgO + 0.098 + 0.059 × pH
In each measurement, the potential of the catalyst-loaded GC-RDE was swept from 1.10 V to 1.70 V vs RHE with a potential sweep rate of 1 mV s -1 . Prior to the potential sweep, the surface of the catalyst was pretreated by applying 30 potential cycles between 1.3 and 0.6 V vs. RHE with a sweep rate of 50 mV s -1 . For all the measurements, the current density has been iR-corrected with a solution resistance (R = 3.2 Ω).
Cyclic durability test. The electrode used for the cyclic durability test consisted of a gas-diffusion layer (GDL) and an active layer. The hydrophobic GDL was prepared from a mixture of 70 wt% graphitized carbon black (TOKAI CARBON, #3855) and 30 wt% of PTFE (dispersant). The resultant carbon/PTFE mixture was rolled in several steps to thin sheets. The active layer was formed by pulse-spraying a catalyst ink onto the thin sheet to obtain an electrode surface loaded with CFCO_W600 of 8.5 mg cm -2 .
To prepare the catalyst ink, CFCO _ W600 and graphitized carbon black were ultrasonically dispersed in water containing a surfactant (5% in concentration) for 25 min, then PTFE (dispersant) was added and blended for 3 min. The final composition of the active layer was: CFCO/carbon/PTFE = 53/27/20 in wt%. After drying the catalyst ink at 60 °C for 30 min, the electrode assembly was heated at 350 °C in flowing argon gas for 13 min to impregnate the PTFE and to remove the surfactant. The assembly was cut out to form a 1.5 cm square and a nickel mesh (60 mesh) current collector was pressed on the top of GDL.
The OER/ORR cyclic durability test was conducted in a 4 mol dm -3 KOH aqueous solution at room temperature (24 ± 2 °C). The test cell made of acrylic resin was equipped with a working electrode (gas-diffusion electrode with a geometric surface area of 1.0 cm 2 ), a nickel plate counter electrode, and an Hg/HgO/KOH reference electrode. The gas-diffusion electrode was exposed to ambient air without forced flow, see the photograph in Fig. 4a . A galvanostat (Biologic, VMP300) was employed to apply a constant current of 20 mA cm -2 while the potential of the working electrode was 
